INTRODUCTION
Heritable factors are estimated to explain 40-70% of the interindividual variance in body weight (1) . The Pima Indians of Arizona have an extremely high prevalence of obesity, and body mass index (BMI) is highly heritable (2) . We previously conducted a genome-wide association study (GWAS) to identify variation associated with BMI in 1120 Pima Indians (3) . This report included replication data on 9 SNPs in 2133 subjects; among the 9 SNPs, 5 had nominal evidence for replication, rs17612333, rs9381282, rs11652094, rs1418029 and rs4811346, but none of the associations achieved genomewide statistical significance (3) . In this prior report, the association for rs11652094 with maximum BMI in the GWAS (n ¼ 1120) and replication sample (n ¼ 2133) were P ¼ 2.21 × 10 25 and 0.13, respectively, adjusted for age, gender, individual admixture and birth year (3) . In the present study, we report a more comprehensive follow-up of the GWAS in a larger sample of American Indians (n ¼ 6800) and in this study, the * To whom correspondence should be addressed at: Diabetes Molecular Genetics Section, NIDDK, NIH, 455 North 5th street, Phoenix, AZ 85004, USA. Tel: +1 6024406589; Fax: +1 6022534140; Email: lbaier@phx.niddk.nih.gov SNPs from our prior 1 M GWAS (Affymetrix Human SNP array 6.0) were genotyped in two population-based samples of American Indians who are part of a longitudinal study of the Gila River Indian Community (Table 1) (3) . Individuals living in this community are predominately full-heritage Pima Indian or mixedheritage American Indian whose heritage is, on average, 1/2 Pima and 3/4 American Indian including other tribes. A subset of the American Indians from the longitudinal study (n ¼ 538) have also participated in inpatient metabolic testing and are informative for detailed metabolic traits in addition to longitudinal measures of BMI. To identify SNPs that are associated with BMI on a population level and to assess the consistency of their association with other measures of body composition (e.g. identify SNPs that are associated with both BMI and percent body fat), 292 SNPs from the original GWAS were genotyped in Sample 1 (n ¼ 3562) that included full-heritage Pima Indians from the longitudinal study and all of the subjects who were informative for metabolic traits regardless of heritage. All of the subjects analyzed in our prior GWAS (n ¼ 1120) are included in Sample 1. SNPs (n ¼ 128) with the strongest associations for BMI in Sample 1 were assessed for replication in Sample 2 (n ¼ 3238) which includes all remaining DNA samples from our longitudinal study. Subjects in Sample 2 are of mixed American Indian heritage, and there is no overlap between Sample 1 and Sample 2. Of the 128 SNPs analyzed for association with BMI in all 6800 subjects (Sample 1 + Sample 2), 71 SNPs have a P-value , 0.05 (Supplementary Material, Table S1 ). SNPs that tag the top five regions (P , 5 × 10
25
) are also shown in Table 2 .
The association of two SNPs, rs12882548 and rs11652094, with BMI approach genome-wide significance when analyzed in 6800 American Indians (Supplementary Material, Tables S1 and S2). The intergenic SNP rs12882548 provided the strongest association (P ¼ 6.7 × 10
27
). Whole genome sequence data which has recently become available for 35 Pima Indians (data not shown) identified 23 SNPs that are in linkage disequilibrium (LD) with rs12882548. The LD block covers a relatively small region (26 kb) located 180 kb downstream of NOVA1 and 100 kb upstream of MIR4037 (data not shown). The SNP, rs11652094, with the second strongest association with BMI (P ¼ 8.1 × 10 27 ) maps upstream (telomeric) of MAP2K3. Three additional GWAS SNPs, rs7217373, rs7217403 and rs9901404, that are tagged by rs11652094 (r 2 . 0.97), were also among the SNPs with the strongest associations with BMI (Supplementary Material, Table S1 and Fig. S1A ). Analysis of the LD pattern between rs11652094, rs7217373, rs7217403, rs9901404 and 30 additional GWAS SNPs spanning a 300 kb region showed that the SNPs with the strongest BMI associations all mapped to the same LD block (Supplementary Material, Fig.  S1B ). MAP2K3 is the only gene located within this LD block and was therefore selected for further genotyping and functional studies.
MAP2K3 sequencing
MAP2K3 has two major transcripts, MAP2K3 variant A (MAP2K3-A) and MAP2K3 variant B (MAP2K3-B) (RefSeq Genes track, UCSC Genome Browser; Supplementary Material, For the children, BMI is the maximum age and sex adjusted Z-score at age ,20 years. For presentation, Z-scores are converted to BMI units using mean and standard deviation of 12-year-old Pima females. Fig. S2B ). There is a high density of dbSNPs mapping to the duplicated regions (Supplementary Material, Fig. S2A ) suggesting that a large number of database SNPs assigned to MAP2K3 are not true polymorphisms but instead are mismatches from paralogous copies of the duplicated regions, i.e. they are paralogous sequence variants (PSVs) (6) . The variant calling programs used for our recently obtained whole genome sequence data for 35 Pima Indians similarly identified a large number of SNPs heterozygous (potential PSVs) in all of the subjects in the duplicated region spanning from the middle of intron 1 (rs66859001) to the 3 ′ -UTR (rs62055368) (data not shown). No MAP2K3 missense mutations were identified in these 35 subjects.
SNP validation
Due to the likelihood of PSVs resulting from segmental duplications across MAP2K3, several SNPs in the duplicated regions were validated prior to genotyping. Seventy-five SNPs selected from our sequencing data and the prior GWAS were chosen for validation. SNPs located in the promoter regions and near or within exons were prioritized (Supplementary Material, Table S2 ). Regions containing putative SNPs were PCR amplified and sequenced using MAP2K3 and segmental duplication specific primers in 96 unrelated Pima subjects. The 75 putative SNPs located in the duplicated regions along with 12 SNPs in the non-duplicated 5 ′ region of MAP2K3 were then grouped into five categories: (i) SNPs located in the non-duplicated 5 ′ region of MAP2K3; (ii) validated SNPs in the MAP2K3 region and monomorphic (with consistent allele) in the duplicated regions; (iii) polymorphic in at least one duplicated region but monomorphic in MAP2K3; (iv) monomorphic (with opposite allele) in both MAP2K3 and the duplicated regions; and (v) polymorphic in both the MAP2K3 and duplicated regions (Supplementary Material, Table S2 ). Genotypes for 17 true common SNPs (minor allele frequency .0.02) from groups 1 and 2 were then used to identify three tag SNPs (pair-wise r 2 ≥ 0.80), including rs11652094 (lead GWAS SNP), rs10468608 and rs12602109 (Fig. 1) .
Association results for the MAP2K3 tag SNPs
As done previously with rs11652094, the other two tag SNPs, rs10468608 and rs12602109, were genotyped for association analysis with BMI in Sample 1 and Sample 2. These subjects are part of the longitudinal study and are informative for maximum BMI recorded during adulthood (age .15 years), maximum BMI recorded during childhood (defined as the highest age and sex standardized Z-score achieved before the age of 20 years), and type 2 diabetes status. All three tag SNPs are associated with maximum BMI measured during adulthood and childhood in Sample 1, but only rs11652094 and rs10468608 replicated in Sample 2 ( Table 3) . Combining Sample 1 and Sample 2 provided the strongest associations with BMI for rs11652094 and rs10468608 (Table 3 ). However, none of the three tag SNPs was significantly associated with type 2 diabetes (Supplementary Material, Table S3 ). A subset of the nondiabetic subjects (n ¼ 538) included in Sample 1 had undergone detailed metabolic testing which included measures of body composition. In these individuals, the obesity risk alleles for rs11652094 and rs10468608 were also associated with increased fat mass, percent body fat, waist circumference and waist to thigh ratio ( Table 4) .
Replication of the BMI associations in Caucasians
GWAS data from Caucasian studies that were included in the GIANT meta-analysis (n ≈ 123 800) are available for rs11652094, rs10468608 and four other SNPS, rs72173731, rs72174032, rs2001651 and rs9901404, tagged by rs11652094 in the full-heritage Pima Indians (8) . To get a clear comparison between American Indian and Caucasian data, the four redundant SNPs were also directly genotyped in Sample 1 and Sample 2 (combined American Indians, Table 5 ). In the GIANT meta-analysis, rs11652094 and rs2001651 provided the best evidence for replication (P-values ¼ 2.1 × 10 24 and 6.8 × 10
25
, respectively, Table 5 ). The two SNPs are in LD in both the full-heritage Pima Indians and HapMap CEU Caucasians (r 2 ¼ 0.80 and 0.79, respectively). The frequencies of the risk alleles for rs11652094 (G allele) and rs2001651 (C allele) are higher in American Indians compared with the Caucasians from the HapMap CEU population (0.68/0.69 and 0.33/0.35, respectively, Table 5 ). For comparability of the effect estimates, the American Indian data were analyzed with a normalizing transformation of the ranks of BMI comparable with that used in the GIANT study, and the effect estimate for rs11652094 was statistically significantly larger in American Indians (b ¼ 0.089) than in Caucasians (b ¼ 0.019, P ¼ 0.0004 for difference in effect size by Cochran's Q statistic). When the P-values for the American Indian and Caucasian associations were combined to test the null hypothesis of no association between the SNPs and BMI, there were strong associations with rs11652094 and rs2001651 displaying the lowest P-values (3.6 × 10 29 and 5.5 × 10
29
, respectively, Table 5 ).
Adipose MAP2K3 expression is correlated with obesity Primers specific for MAP2K3-A and MAP2K3-B transcripts were designed to screen cDNA isolated from human hypothalamus, adipocytes, preadipocytes, skeletal muscle, liver, pancreas and islets. Both MAP2K3 transcripts were present in the tissues examined. MAP2K3-B was highly expressed in all of the tissues, while MAP2K3-A had higher expression levels in skeletal muscle and liver (data not shown). To determine whether the segmental duplications of MAP2K3 are expressed, adipose cDNA isolated from Pima Indians was used to screen for the presence of PSVs in the MAP2K3 mRNA transcripts. Non-specific primers that amplified both MAP2K3 and the paralogous regions were designed to sequence across exons 3 through 5 and part of exon 12 which are duplicated on segmental duplications 1 and 2, respectively. The PSVs identified in genomic DNA were not present in the same individual's MAP2K3 transcript (Supplementary Material, Fig. S3 ). The transcripts contained only the MAP2K3 alleles (Supplementary Material, Table S2 ), suggesting that the paralogous MAP2K3 regions located on the segmental duplications are not expressed in human adipose tissue. MAP2K3 expression levels were determined by quantitative real-time PCR (qRT-PCR) in adipose tissue biopsies from 78 non-diabetic Pima Indians. Adjusted for age and sex, MAP2K3 expression levels were positively correlated with both BMI and percent body fat (P-values ¼ 0.0004 and 0.006; r ¼ 0.40 and 0.31, respectively, Fig. 2 ). However, rs11652094 which was associated with BMI and percent body fat in Pima Indians was not associated with MAP2K3 expression levels in adipose tissue (P . 0.05; data not shown); therefore, it is unclear whether the increased expression of MAP2K3 in adipose tissue is a cause or consequence of obesity.
MAP2K3 gene expression is induced during 3T3-L1 preadipocyte differentiation
To determine whether MAP2K3 could potentially play a role in adipogenesis, we examined MAP2K3-A and MAP2K3-B promoter activities separately during the initial stage of 3T3-L1 preadipocyte differentiation. MAP2K3-A and MAP2K3-B promoter reporter vectors were transfected into 3T3-L1 preadipocytes, the cells were treated with standard differentiation media and luciferase activities were measured 48 h posttransfection. Luciferase levels for both MAP2K3-A and MAP2K3-B promoter vectors were significantly increased for 
Downstream targets of MAP2K3
To gain a better understanding of the genes that may function downstream of MAP2K3, microarray analyses were done in 3T3-L1 mouse preadipocytes and hypothalamus cells using Affymetrix GeneChip Mouse Gene 1.0 ST arrays to identify genes whose expression levels are changed in response to overexpressing MAP2K3. Plasmids that express constitutively active MAP2K3-A (MAP2K3-A-EE) and MAP2K3-B (MAP2K3-B-EE) under the control of the CMV promoter were transfected into 3T3-L1 mouse preadipocytes (non-induced and induced), N41 mouse embryonic hypothalamus cells and 2/28 mouse adult hypothalamus cells. Global gene expression levels were compared between cells transfected with the MAP2K3 expression plasmids and corresponding cells transfected with an empty control plasmid that only contains the CMV promoter.
Non-induced 3T3-L1 mouse preadipocytes For 3T3-L1 preadipocytes examined without induction of differentiation, the microarray analysis identified 77 (25 up-regulated/ 52 down-regulated) and 88 (21 up-regulated/67 down-regulated) differentially expressed gene/expressed sequence tag (est) probe sets with a ≥1.5-fold difference compared with the empty vector control for MAP2K3-A-EE and MAP2K3-B-EE, respectively (Supplementary Material, Table S4 , sheets 1 and 2). Based on gene ontology functional annotation, pathways with the highest enrichment scores for MAP2K3-A-EE involve immune/ inflammatory response and nucleosome/chromatin assembly. For MAP2K3-B-EE, the pathways with the highest enrichment scores include immune/inflammatory response, peptidase inhibitor activity, apoptosis, regulation of cell proliferation and Table S4 , sheets 5 and 6). For MAP2K3-A-EE, some of the significantly over-represented functional pathways involve immune/inflammatory response, antigen processing and presentation and ribonucleotide binding.
Functional pathways identified for MAP2K3-B-EE also involve immune/inflammatory response, antigen processing and presentation and ribonucleotide binding. One of the inflammatory response genes, Myd88, modestly up-regulated (1.6-fold) by MAP2K3-A-EE is a component of the toll-like receptor 4 (TLR4) signaling pathway. The TLR4 signaling pathway is thought to play a role in food intake in response to hypothalamic inflammation (9) . A second gene, Hap1, that was up-regulated (3.1-fold) by MAP2K3-A-EE has also been shown to be involved in appetite regulation (10) . Therefore, Myd88 and Hap1 were selected for qRT-PCR validation. QRT-PCR was performed using RNA isolated from three independent samples transfected with the MAP2K3-A-EE plasmid including the sample used for the microarray analysis. Myd88 expression levels were modestly up-regulated in all three samples, 2.1-(microarray sample), 2.5-and 2.0-fold (data not shown). Hap1 expression levels were also up-regulated in all three samples with fold changes of 8.1 (microarray sample), 8.06 and 4.2 (data not shown).
2/28 Mouse adult hypothalamus cells
For the mouse adult hypothalamus cell line, the microarray analysis identified 85 (71 up-regulated/14 down-regulated) and 149 (126 up-regulated/23 down-regulated) differentially expressed gene/est probe sets with a ≥1.5-fold difference for MAP2K3-A-EE and MAP2K3-B-EE, respectively (Supplementary Material, Table S4 , sheets 7 and 8). Over-represented gene ontology terms for MAP2K3-A-EE involve immune/inflammatory response and ribonucleotide binding. For MAP2K3-B-EE, the category with highest enrichment score was ribonucleoprotein complex. There were also several non-coding small nucleolar RNAs (snoRNAs) that were up-regulated in response to overexpressing MAP2K3-B-EE. Most of the snoRNAs are predicted to modify ribosomal RNA via methylation and pseudouridylation.
Genes differentially expressed in both the 3T3-L1 and hypothalamus cell lines Genes that were differentially expressed in more than one cell type in response to overexpressing MAP2K3 are shown in Supplementary Material, Table S6 , sheets 1 and 2. For the MAP2K3-A-EE plasmid, 50 genes were differentially expressed in both the 3T3-L1 preadipocytes and mouse hypothalamus cells. Most of these genes were shared between the induced 3T3-L1 and hypothalamus cells, where the direction of the expression was consistent in both cell types (Supplementary Material, Table S6 , sheet 1). For the MAP2K3-B-EE plasmid, 16 genes were differentially expressed in both the 3T3-L1 and hypothalamus cell lines; however, most of these genes were shared between the non-induced 3T3-L1 preadipocytes and hypothalamus cells, and the direction of expression was primarily discordant between the cell types (Supplementary Material, Table S6 , sheet 2).
DISCUSSION
This study provides information for follow-up genotyping of 71 SNPs from our prior GWAS to identify BMI loci in American Indians (3). The strongest association was with an intergenic SNP (rs12882548, P ¼ 6.7 × 10 27 ) located in a 300 kb gene desert on chromosome 14. LD patterns suggest that this signal is localized to a small region (26 kb) 180 kb downstream of NOVA1 and 100 kb upstream of MIR4037 (data not shown), but to date, this region has not been linked to any gene or function. Rs12882548 was not associated with BMI in publically available data from the GIANT study of Caucasians (P ¼ 0.13) (8) . In contrast, we were able to connect a SNP with a comparably strong association (rs11652094, P ¼ 8.1 × 10
27
) to the MAP2K3 locus and variants in this gene were also associated with BMI in the GIANT study (8) . The effect of the risk alleles in MAP2K3 is significantly stronger in the American Indians when compared with the Caucasians. In the context of such heterogeneity between ethnic groups, the P-value-based metaanalysis likely provides the most appropriate test of the combined null hypothesis of no association. Using this analysis, genome-wide significance is achieved for SNPs rs11652094 and rs2001651. The smaller effect in Caucasians may reflect a lower LD between the GWAS lead SNP, rs11652094, and an unidentified causative SNP in this region. Comparison of the LD pattern for the MAP2K3 region between the Pima Indians and HapMap CEU population shows that in general the LD in this region is lower in Caucasians (Supplementary Material, Fig. S1B and  C) . Alternatively, the heterogeneous genetic nature of BMI could also account for some SNPs having a larger effect in one population compared with another. For example, we have observed that most of the widely-replicated Caucasian GWAS SNPs for BMI, with the exception of those in FTO and TMEM18, have weak or non-significant associations in Pimas (Baier et al., unpublished data). Conversely, common SNPs in SIM1 which show reproducible associations with BMI in both of the American Indian population-based samples studied here are not associated with BMI in French Caucasians (11) but rare SNPs in this gene have subsequently been identified that segregate with severe obesity in Caucasians (12) .
The process of adipogenesis is regulated by various MAP kinase signaling cascades such as the p38 MAP kinase pathway (13) . Although the function of p38 MAP kinase in adipocyte differentiation is not yet fully understood, it has been shown that p38 MAP kinase may both stimulate (13) (14) (15) (16) (17) and inhibit (13, (18) (19) (20) adipogenesis. The closely related protein kinases, MAP2K3 and MAP2K6, function as specific upstream activators of the four p38 MAP kinase isoforms (a, b, g and d) by phosphorylating the TGY motif located in the activation loops (21, 22) . Engelman et al. (23) demonstrated that constitutive expression of MAP2K6 stimulated p38 MAP kinasedependent adipogenesis and the accumulation of lipids in 3T3-L1 cells. Our in vivo observations of a positive correlation between MAP2K3 expression levels in adipose biopsies and the BMI of the donor, and our in vitro data showing higher luciferase levels for the MAP2K3 promoter vectors in 3T3-L1 cells treated with differentiation media suggest that MAP2K3 could also potentially be involved in adipogenesis. Similar to MAP2K6, higher expression of MAP2K3 may dysregulate genes involved in adipogenesis and lipid metabolism. This is supported by the microarray results for the induced 3T3-L1 predipocytes showing that the expression levels of genes involved in adipogenesis are potentially affected by the overexpression of MAP2K3. For example, overexpression of MAP2K3 led to a Figure 2 . Positive correlation of MAP2K3 gene expression levels in adipocytes with (A) body mass index (BMI) and (B) percent body fat. Prior to the analysis, relative MAP2K3 expression levels were logarithmically transformed to approximate the normal distribution. P-values were adjusted for age and sex. modest increase in Klf9 (Kruppel-like factor 9) a transcription factor that has been shown to be a positive regulator of adipogenesis by regulating the transcription of Pparg (24) . Additional studies are needed to verify the effect of overexpressing MAP2K3 on Klf9 expression.
Obesity is the result of an imbalance between energy intake and energy expenditure. We found no evidence that SNPs associated with BMI in the MAP2K3 region were associated with energy expenditure in 399 subjects who had been studied in our human respiratory chamber (data not shown); therefore, it is possible that MAP2K3 may have an effect on energy intake. The microarray analysis for the N41 hypothalamus cells identified an up-regulated gene, Hap1 (Huntingtinassociated protein 1), that has been shown to regulate food intake. Four groups have reported that the reduction in Hap1 gene expression resulted in decreased food intake and lower body weights in mice (25) (26) (27) (28) . For example, Sheng et al. (26) showed that Hap1 interacts with the GABA A receptor and that reducing Hap1 expression in mouse hypothalamus lead to a decrease in GABA A receptor activity resulting in decreased food intake. Hap1 is also involved in intracellular trafficking of Bdnf (brain-derived neurotrophic factor), a neurotrophin known to be involved with food intake (29, 30) .
Inflammatory response was one of gene ontology categories consistently over-represented in our microarray analysis. Obesity and type 2 diabetes have been linked to chronic lowgrade inflammation (31, 32) . In two prior studies comparing global gene expression in adipose tissue and preadipocytes isolated from obese and non-obese Pima Indians, the biological pathway with the most differentially expressed genes was immune/inflammation response (33, 34) . However, it remains unclear whether the inflammatory response is the cause or effect of obesity. It is well documented that MAP kinases including MAP2K3 mediate inflammatory responses (35, 36) , and MAP2K3 can be activated by proinflammatory cytokines such as interleukin-1 and tumor necrosis factor (37). Our microarray results are consistent with MAP2K3 playing a role in inflammatory pathways in both adipose and hypothalamus tissues; and, there are reports suggesting that hypothalamic inflammation can lead to leptin and insulin resistance which in turn affects appetite regulation (38, 39) . One of the inflammatory response genes, Myd88, modestly up-regulated in response to constitutively active MAP2K3-A in the mouse hypothalamus cells has been shown to be component of a TLR4 hypothalamic inflammatory signaling pathway that may affect food intake (9). Brain-specific Myd88 knockout mice were shown to be protected from high-fat diet (HFD) induced obesity and leptin resistance (40) . The Myd88 deficient mice had a slight decrease in food intake compared with the control mice, suggesting that the reduction in food intake may be the mechanism protecting these mice from HFD-induced weight gain (40) . Although the thought of MAP2K3 having an effect on food intake via hypothalamic inflammation is intriguing, more work will be required to address this hypothesis.
From a technical perspective, accurate genotyping across MAP2K3 was complicated by nucleotide mismatches between homologous regions of MAP2K3 and two MAP2K3 segmental duplications (i.e. PSVs). This observation stresses the importance of using Hardy Weinberg criteria as a quality control measure for genotype data. In addition, we found that public databases have incorrectly assigned several SNPs to the MAP2K3 locus. Some of the SNPs are actually PSVs, while others map to the segmental duplications found on the unplaced contigs NW_001839455.1 and NW_001 841142.1 (Supplementary Material, Table S2 ).
In summary, variation in MAP2K3 is reproducibly associated with BMI in two large population-based samples of American Indians, as well as Caucasians from the GIANT consortium. These variants have a notable effect size on both adult and childhood BMI. The frequency of the risk allele is higher in America Indians when compared with mixed-heritage American Indians and Caucasians. Our microarray analyses show that MAP2K3 may play a role in hypothalamic inflammation, and it also identified a gene, Hap1, that was up-regulated in response to expression of constitutively active MAP2K3. Both hypothalamic inflammation and Hap1 can affect food intake; however, further studies are needed to prove a causal relationship between MAP2K3 genotype and appetite regulation.
MATERIALS AND METHODS

Subjects and phenotyping
Characteristics for the American Indians included in this study are provided in Table 1 . The subjects are part of a longitudinal study of the etiology of type 2 diabetes in the Gila River Indian Community in Central Arizona where most of the residents are of Pima heritage (2) . Individuals who are not full-heritage Pima Indian are, on average, 1/2 Pima and 3/4 American Indian which includes other tribes. Most (91%) of the subjects in Sample 1 are full-heritage Pima Indian (all 538 individuals informative for metabolic traits were also included in this sample and a few of these individuals are not full-heritage Pima). In contrast, none of the subjects in Sample 2 was fullheritage Pima. Since many of the longitudinally studied subjects had multiple exams in which BMI was measured, the maximum BMI recorded from any single exam after the age of 15 years (adult) was analyzed. For selected variants, BMI in childhood was also analyzed, which was defined as the maximum age and sex adjusted Z-score. For the 538 individuals who had been metabolically characterized in our Clinical Research Center (all were non-diabetic when studied), body composition was estimated by underwater weighing or by total body dual energy X-ray absorptiometry (DPX-1; Lunar Radiation, Madison, WI, USA) (41) . All studies were approved by the Institutional Review Board of the National Institute of Diabetes and Digestive and Kidney Diseases. Data from the GIANT consortium were used to assess replication in Caucasians (8) .
SNP identification, genotyping methods and quality control
Sequencing of MAP2K3 in 24 Pima Indians was performed using a Big Dye Terminator Sequencing kit (Applied Biosystems, Foster City, CA, USA) on an automated DNA capillary sequencer (model 3730XL, Applied Biosystems). Whole genome sequence data for 35 Pima Indians was generated at Complete Genomics Inc. (Mountain View, CA, USA). Genotyping was done by allelic discrimination using Taqman genotyping assays (Applied Biosystems), SNPlex genotyping System 48-plex (Applied Biosystems) or the Illumina BeadXpress System (Illumina, San Diego, CA, USA). All genotypic data met our quality control criteria which require a lack of deviation from Hardy -Weinberg equilibrium at P , 0.001 and a discrepancy rate of ≤1.0% in blind duplicates (330 and 100 blind duplicates for Sample 1 and Sample 2, respectively). All SNPs had a genotyping call rate ≥95% in Sample 1 and Sample 2 except for two SNPs in Sample 2 (rs12216336 and rs17612333) which had call rates of 91 and 94%, respectively (Supplementary Material, Table S1 ).
Statistical analysis
Statistical analyses were performed using SAS software version 9.1 (SAS Institute, Cary, NC, USA). Linear regression was used to assess the association of continuous traits with genotype (assuming an additive model). The generalized estimating equation procedure was used to account for family membership and to adjust for other confounding variables (42) . The individual estimate of European admixture was also used as a covariate and these estimates were derived by the method of Hanis et al. (43) from 45 markers with large difference in allele frequency between populations (44) . Because the analyses for the GIANT study were conducted using a normalizing inverse Gaussian transformation of the ranks of BMI, we similarly transformed the American Indian data for meta-analysis with GIANT. The inverse variance method was used to estimate the common effect size across American Indians and Caucasians and Cochran's Q statistic was used to evaluate heterogeneity (45). Stouffer's method was also used to test the null hypothesis of no association between the variant and BMI across the American Indian and GIANT populations (46). Stouffer's method combines the P-values across studies and does not require the estimation of a common effect; it assesses only consistency in the direction of effect across populations. In the presence of heterogeneity in effect sizes, Stouffer's method can provide a more powerful test of association than the inverse variance method (47) . The LD pattern was determined using Haploview (version 4.2). Tag SNPs were selected using the Tagger algorithm (48) with a pair-wise r 2 ≥ 0.80 taken as indicative of redundancy.
Tissue profiling for MAP2K3-A and MAP2K3-B Specific forward primers located in MAP2K3-A exon 1 (5-CAGTTGGCCCGTGTG AGGAGA-3) and MAP2K3-B exon 1 (5-AGTCCTCTAGATTAGTCTCCA-3) and a common reverse primer located in both transcripts (5-TCCAGGGCCC GCACGATAGAC-3) were used to screen cDNA from the following human tissues: hypothalamus (BD Marathon-Ready cDNA, BD Bioscience/Clontech, Mountain View, CA, USA); brain, skeletal muscle, liver and pancreas (BD Human MTC Multiple Tissue cDNA Panel, BD Bioscience/Clontech); pancreatic islets (kindly provided by Dr Lorella Marcelli at the Joslin Diabetes Center); and adipocytes and preadipocytes isolated from Pima Indians. Adipocytes and preadipocytes were obtained from subcutaneous abdominal adipose tissue biopsies as previously described (33, 49) and total RNA was extracted using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA). To remove any residual DNA, the purified RNA was treated with DNAse using RNAse-free DNAse Set (Qiagen). First-strand cDNA was synthesized from the adipocyte and preadipocyte total RNA using a BD Advantage RT-for-PCR Kit (BD Bioscience/ Clontech) following the manufacturer's instructions.
MAP2K3 quantitative real-time PCR in adipocytes
MAP2K3 gene expression levels were quantified using a TaqMan Gene Expression Assay (assay ID: Hs00177127_m1, Applied Biosystems) on an ABI PRISM 7700 Real-Time PCR System (Applied Biosystems). Each sample was run in triplicate and MAP2K3 transcript levels were normalized using beta actin (assay ID: Hs99999903_m1, Applied Biosystems). The relative MAP2K3 expression levels were determined by the DDCt method according to the manufacturer's protocol (Applied Biosystems).
MAP2K3 promoter vector and reporter assays
To construct the MAP2K3 promoter reporter vectors, the MAP2K3-A and MAP2K3-B promoter regions were amplified by PCR using human genomic DNA. The promoter regions (variant A, chr17 :21,190,566 -21,191 ,461 and variant B, chr17: 21,187,213 -21,188,230, NCBI build 37.1, UCSC Genome Browser) were cloned into the promoterless PGL3-basic vector (Promega, Madison, WI, USA). 3T3-L1 preadipocytes were purchased from ZenBio and maintained in 3T3-L1 Preadipocyte Medium (ZenBio, Research Triangle Park, NC, USA). Transfections were done with Lipofectamine LTX and PLUS Reagent (Life Technologies, Grand Island, NY, USA) following the manufacturer's instructions using serum and antibiotic free medium. To control for transfection efficiency, cotransfections were done using the pGL4.74[hRluc/TK] plasmid (Promega) and normalized to the Renilla luciferase expression. Following the transfections, the 3T3-L1 preadipocytes were treated with 3T3-L1 Differentiation Media (ZenBio, Research Triangle Park). Forty-eight hours post-transfection, the cells were washed with phosphate buffer solution (PBS) and cell lysates were prepared using the lysis buffer from the DualLuciferase Reporter Assay System (Promega). Luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega). Luciferase activity is expressed as the relative activity and is shown as the means + standard deviation (SD) for six replicates.
Constitutively active MAP2K3-A and MAP2K3-B expression plasmids
The expression plasmid containing the constitutively active form of MAP2K3-B (S218E/T222E, MAP2K3-B-EE) was created by site-directed mutagenesis (QuikChange II SiteDirected Mutagenesis Kit, Agilent Technologies) using a wildtype MAP2K3-B expression vector purchased from Origene. Constitutively active MAP2K3-B was created using two sitedirected mutagenesis thermal cyclings. For the first mutagenesis, T222 was converted to E222 using the following primers: forward, 5
′ -GCTACTTGGTGGACTCTGTGGCCAAGGAGA TGGATGCCGGC-3 ′ and reverse, 5 ′ -GCCGGCATCCATCT CCTTGGCCACAGAGTCCACCAAGTAGC-3 ′ . S218 was then converted to E218 using the following primers: forward, 5
′ -GCTACTTGGTGGACGAGGTGGCCAAGGA GATGGAT GCCGGC-3 ′ and reverse, 5 ′ -GCCGGCATCCATCTCCTTGG CCACCTCG TCCACCAAGTAGC-3 ′ . Because the 5 ′ -UTR of MAP2K3-B is GC rich, both thermal cycling reactions contained 5% DMSO. Underlined letters in the primers indicate the nucleotides that were changed. The constitutively active form of MAP2K3-A (S189E/T193E, MAP2K3-A-EE) was constructed by replacing exon 1 of MAP2K3-B-EE with exon 1 (5 ′ -UTR) of MAP2K3-A. The only difference between MAP2K3-A and MAP2K3-B is an alternative exon 1.
Microarray analysis
N41 mouse embryonic and 2/28 mouse adult hypothalamus cells were purchased from CELLutions Biosystems Inc. (Toronto, ON, Canada). 3T3-L1 preadipocytes (ZenBio, Research Triangle Park) were maintained in 3T3-L1 Preadipocyte Medium (ZenBio, Research Triangle Park) and the N41 and 2/28 mouse hypothalamus cells were grown in DMEM containing 10% fetal bovine serum (ATCC). To induce differentiation, the 3T3-L1 preadipocytes were treated with 3T3-L1 Differentiation Media (ZenBio, Research Triangle Park). The 3T3-L1, N41 and 2/28 cells were transfected with plasmids containing constitutively active MAP2K3-A, constitutively active MAP2K3-B and an empty control vector. The expression plasmids containing constitutively active MAP2K3-A and MAP2K3-B are under the control of the CMV promoter, while the empty control plasmid (pCMV6-XL4, Origen, Rockville, MD, USA) contains only the CMV promoter. Transfections were done with Lipofectamine LTX and Plus Reagent (Life Technologies) following the manufacturer's instructions using serum and antibiotic free medium. Total RNA was isolated from non-induced and induced 3T3-L1, N41 mouse embryonic hypothalamus and 2/28 mouse adult hypothalamus cells transfected with either the MAP2K3 constitutively active (MAP2K3-A-EE, MAP2K3-B-EE) or empty control (pCMV6-XL4, Origene) plasmids. Briefly, total RNA was extracted using an RNeasy Mini Kit (Qiagen) and the purified RNA was treated with DNAse using RNAse-free DNAse Set (Qiagen) to remove any DNA. For the microarray analysis, cDNA was generated from the total RNA samples using the Ambion WT Expression Kit (Applied Biosystems) and the cDNA was prepared for hybridization using the GeneChip WT Terminal Labeling and Hybridization Kit (Affymetrix, Santa Clara, CA, USA) following the manufacturer's instructions. The fragmented and labeled cDNA was then hybridized to GeneChip Mouse Gene 1.0 ST arrays (Affymetrix) for 16-18 h at 458C and the arrays were stained and washed using an Affymetrix GeneChip Fluidics Station 450. The arrays were scanned using an Affymetrix GeneChip Scanner and gene expression data were analyzed using Affymetrix Expression Console version 1.0 software. The differentially expressed genes were classified into gene ontology terms using the webbased DAVID Functional Annotation Tool, David Bioinformatics Resources 6.7 (50, 51) . The microarray results for Myd88 and Hap1 were confirmed by qRT-PCR using TaqMan Gene Expression Assays (assay IDs: Mm00440338_m1 and Mm00468825_m1, Applied Biosystems) on an ABI Prism 7900HT-Fast Real-Time PCR System (Applied Biosystems). Each sample was run in triplicate and expression levels were normalized using beta actin (assay ID: Mm01205647_g1, Applied Biosystems). Relative expression levels for Myd88 and Hap1 were determined by the DDCt method according to the manufacturer's protocol (Applied Biosystems).
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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